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Abstract 
An Atmospheric Pressure Plasma Enhanced Chemical Vapor Deposition (AP-PECVD) is under development to 
deposit hydrogenated amorphous silicon nitride (a-SiNx:H) on silicon solar cells. Due to its inline integration 
capability, it is an alternative to the standard industrial Low Pressure Plasma Enhanced Chemical Vapor Deposition 
(LP-PECVD) process, allowing higher production throughput. The present work shows the correlation between the 
treatment head configuration and the antireflective properties of the thin film. The analysis of deposited silicon nitride 
chemistry and structure explains why the thin film has at first a too high extinction coefficient and gives solutions to 
solve the problem by improving the gas flow control and the plasma length. Silicon passivation is also discussed.  
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1. Introduction 
 
Low Pressure Plasma Enhanced Chemical Vapor Deposition (LP-PECVD) is the more convenient 
technique  to  make  amorphous hydrogenated  silicon  nitride  (a-SiNx:H),  antireflective  and  passivation   
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coatings on p-type crystalline solar cells. However, during solar cells processing, the carrier loading and 
unloading associated to the necessary pumping step limits the production lines throughput. To limit the 
consequence of such batch process by semi in-line LP-PECVD solutions like Roth and Rau SiNA® are 
currently proposed. Of course, a fully inline solution would be better. Replacing low pressure PECVD by 
atmospheric Pressure PECVD would lead to fully in-line processing increasing the production rate to 
higher level. The aim of this work is to develop an AP-PECVD reactor useful for crystalline silicon cell 
processing. To reach that goal, refractive index, absorption and Si passivation of AP- and LP- PECVD a-
SiNx:H thin films are compared. Differences are analyzed on the basis of thin film chemistry and structure 
to converge to a treatment head configuration leading to the desired thin film final properties: a refractive 
index of 2.07 without absorption and a surface recombination as low as possible.  
AP-PECVD is still under development. Different atmospheric pressure plasma configurations are 
considered [1-3]. They can be separated in plasma jet and direct plasma. To be as efficient as possible and 
to avoid powder inclusions in the coating, we choose to have the solar cell in direct contact with the 
plasma. In such configuration, the plasma should be homogeneous. Diffuse dielectric barrier discharge 
(DBD) [4] generating linear plasmas is a solution. In this configuration the cell displacement engenders 
large surface homogeneous coating. Like in LP-PECVD process, silane (SiH4) and ammonia (NH3) are 
the reactive gases. They are diluted in argon to reach the atmospheric pressure and to have a diffuse DBD. 
Previous results [5,6] shown that the designed configuration allows to get homogeneous coating on 
solar cells and that thin films refractive index is easily adjustable in a large range by changing the 
NH3/SiH4 ratio. However, comparisons with LP-PECVD layers shown that (i) for the same refractive 
index, light absorption of atmospheric pressure silicon nitride was higher (ii) surface passivation 
properties were not sufficient.  
In this work, solutions to improve thin film properties according to the final objective have been 
tested. They are deduced from a deep analysis of the first generation layers chemistry and structure. These 
results are presented after a short experimental set-up description. 
2. Experimentals 
 
          
Fig. 1. Schema  of the AP-PECVD experimental setup: a laminar 
gas blade of 5cm length is injected between the two plasma zones 
having the same length.   
Fig. 2. Pictures of  a-SiNx:H  coating  made in a) static mode: 
coatings are an image of the plasma zones  b) dynamic 
mode:the sample displacement allows to uniformely coat the 
entire surface 
 
The aim of this work is to improve the PECVD reactor to get the required final properties. So the set-
up evolved during this study. Figure 1 is a schematic view of the initial plasma reactor described in [5]. In 
all the cases, the gas mixture is injected between dielectric square barrels in the form of a laminar blade of 
5cm length. There are two plasma zones defined by the metallization of one of the inner faces of the 
dielectric barrels. Each metallization has a surface of 5cm x1 or 1.4cm depending on the barrel width 
which is 1.5 or 2 cm.  The argon gas flow is 3 slm and the sum of the concentration of SiH4 and NH3 is 
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equal to 200ppm. The ratio R, R = NH3/SiH4, is adjusted between 1.2 and 3. In this work, deflectors have 
been added at the end of the dielectric tubes to avoid gas recirculation.  
This experimental reactor allows deposition (i) in static mode: the sample is fixed and the coating is 
the image of the plasma zones (Figure 2a). This mode allows studying the evolution of coating properties 
as a function of the gas residence time in the plasma. (ii) in dynamic mode, the displacement of the wafer 
in the plasma zones with a controlled speed leads to homogeneous coating (Figure 2b).  
Substrates are p-type Cz silicon wafers 300 μm thick, 1-10 :.cm. The coating temperature ranges 
from 350 to 500°C. Prior to deposit, surface is etched in a 5 % HF solution during 1 minute and washed 
with high purity (18 M:.cm) water. Contact firing is simulated by a rapid thermal annealing (RTA) 
realized in a Jetfirst 200C type QUALIFLOW lamp furnace, under nitrogen atmosphere. The temperature 
peak is 800°C. It is reached in 40 seconds. Temperature decreases to 400°C t spends 30 seconds. 
Refractive (n(
YVON MM16, 430-850nm) and fitted with New-Amorphous Model. Refractive index and extinction 
coefficient values are given respectively for 634nm and 430nm. Chemical composition of the coating is 
determined by FTIR spectroscopy (Nicolet 6700, 400-4000cm-1). Passivation is characterized by effective 
lifetime of the minority carriers (teff) measured by Quasi-Steady- State PhotoConductance Decay 
(QSSPC) measurements (SINTON, WCT-120) [7]. 
3. AP-PECVD a-SiNx : H antireflective proprieties 
 
 Figure 3 summarizes all the results obtained. It presents the extinction coefficient as a function of the 
refractive index. The black square curve is the LP-PECVD reference measured on samples prepared at 
CEA-INES (Solar Energy National Institute) according to [8]. The other curves are AP-PECVD a-
SiNx:H. The red circles are our previous results [9]. The absorption of AP-PECVD was really too high for 
photovoltaic application. The other curves illustrate the improvement related to the work presented in this 
paper. They will be detailed later on.  
To understand the poor results obtained with the initial reactor configuration, one has to have in mind 
that the refractive index and the extinction coefficient of a a-SiNx:H thin film increases with the Si/N 
ratio. This is illustrated in the Figure 4 which presents results obtained for the reference LP-PECVD 
samples. Refractive index increase is proportional to Si/N while the extinction coefficient is equal to zero 
until a ratio of about 1.48. For higher Si concentration, the a-SiNx:H absorption increases because of the 
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Fig. 3. Extinction coefficient measured at 430 nm as a function of 
the refractive index measured at 634 nm for LP-PECVD and 
different AP-PECVD reactor configurations.  
Fig. 4 Evolution of the refractive index and extinction 
coefficient of the LP-PECVD reference samples as a function 
of thin films Si/N ratio 
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larger Si-Si bounds and Si° dangling bounds concentration [10]. The other parameter influencing the 
refractive index is the percentage of voids in the thin film whatever their size. Both porosity and lower 
thin film density induced by a higher hydrogen concentration decrease the refractive index. For a given 
refractive index, larger is the void proportion, higher should be Si/N and thus the absorption.  
To evaluate if this mechanism is a possible explanation of the too high absorption of the AP-PECVD 
a-SiNx:H initially made, TEM pictures of thin films slide have been made. Figure 5 is a typical TEM 
image in STEM-HAADF (High Angle Annular Dark Field Scanning Transmission Electron Microscopy) 
mode. Black points are regions of lower density probably holes. These nanovoids are aligned and 
separated by 3.3nm. This thickness corresponds to the coating thickness deposited under each plasma 
zone. That means that each time the substrate goes out of plasma areas void are incorporated in the 
coating. Voids origin could be the adding to the coating of Si aggregates made in the plasma. It is well-
known that formation of such aggregates increases with gas residence time in the plasma and is enhanced 
by gas recirculation [11]. Gas flow has been simulated on COMSOL to point out recirculations [12]. 
Figure 6a presents results obtained with the initial configuration of the reactor. Gas flow stream line 
[Figure 6 a] shows the presence of gas recirculation at the end of the barrels after the end of the plasma 
zone. According to figure 6b, the adding of deflector on the side of the barrels avoids such recirculation. 
Thus, deflectors have been added to the experimental reactor and new a-SiNx:H thin films were realized. 
In Figure 3, green triangles present their extinction coefficient as a function of the refractive index. The 
elimination of gas recirculations decreases the absorption by 30%. These observations show that silicon 
aggregates formed in the exhaust gas recirculation out of the plasma zones have harmful consequences on 
AP-PECVD thin film density and should be avoided.  
 
Another possible cause of the too high absorption has been investigated. The gas is injected on one 
side of each plasma zone. This configuration induces rather long gas residence time in the plasma 
(typically 10ms per 1 cm electrode). Significant evolution of the plasma chemistry is expected along the 
direction of the gas flow. In dynamic deposition mode, this gradient is integrated on all the surface points. 
Thus, it has no influence on the coating uniformity over the entire surface but could imply a gradient 
along the thickness. To evaluate the possible consequences of this gradient, ellipsometric measurements 
have been made as a function of the gas residence time on samples realized in the static deposition mode. 
Figure 7 illustrates the evolution of the growth rate and the extinction coefficient as a function of the 
gas residence time. The refractive index changes from 1.85 to 2.45. Knowing the sample thickness the 
theoretical refractive index of a layer integrating all these points can be calculated according to equation 
 
 
a) 
 
b) 
Fig. 5. TEM picture of a  a-SiNx:H coating slide made with 5 
back and forth of the substrate holder under the 2 plasma zones. 
3.3nm is the thickness deposited by each plasma zone. 
Fig. 6. Gas flow simulation of silane/argon mixture in the 
experimental reactor: gas flow streamlines in a) the initial 
configuration b) the configuration with deflectors. 
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1. A value of 2.26 is found. That means that to realize a dynamic sample having a refractive index of 
2.26, layers of higher refractive index, up to 2.4, should be integrated. The same thing is expected for a 
thin film having a refractive index of 2.04. It should integrated layers of higher refractive index, layers 
which according to figure 4 have a non negligible absorption. So the coating chemical gradient is a 
possible cause of the larger absorption of AP-PECVD thin film compared to LP- PECVD one. 
 
 
 
Fig. 7. Evolution of refractive index, and growth rate as a function of the gas residence time determined from the position on the 
film and the mean gas velocity. 2.26 is the calculated refractive index of a dynamic sample according to equation 1 
 
 
 
(1) 
 
To check this idea validity, the 1.5cm width barrel with a metallization of 5 x 1 cm2 has been replaced 
by a 2cm width barrel with a metallization of 5 x 1.4 cm2. As the larger gradient is at the plasma entrance, 
we assumed that increasing the plasma length reduces the contribution of the large variation at the gas 
entrance. Ellipsometric results are reported in figure 3. Blue star curve corresponds to the 5mm barrels 
increase. The improvement is significant. For refractive index higher than 2.12 the absorption is similar to 
LP-PECVD a-SiNx:H thin film. For lower refractive index (n=1.96 to 2.15), the extinction coefficient is 
almost constant and fluctuate between 0.015 and 0.02. It is only for a refractive index lower than 1.96, 
that the extinction coefficient is equal to 0. As silicon cell antireflective a-SiNx:H should have a refractive 
index of 2.04 and an extinction coefficient equal to 0 there is still effort to do to get AP-PECVD 
antireflective coating as good as LP-PECVD one. 
Up to now the thin film growth rate and cost have not been optimized as the first step was to obtain 
the required final properties. Silane and ammonia partial pressures are comparable to that of low pressure 
process: 0.2 mbar. The thin film cost is mainly defined by the vector gas consumption and price. In the 
presented configuration, 9l of argon are needed to deposit a 90nm thick film over 5x5cm² leading to about 
$0.16/156-mm2 cell (≈$0.04/W). This cost will be reduced by increasing the power, optimizing the gas 
injection and by replacing argon by nitrogen.  
 
4. Passivation 
 
With the initial experimental setup, passivation decreases strongly during rapid thermal annealing: minor 
carrier lifetime (τ) decreases to some μs. This is explained by the rather high porosity of the layer which 
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facilitates the loss of hydrogen during the firing step. With deflectors and larger plasma zones, the films 
were less porous and passivation was better after the firing step but the lifetimes were still very low 
(20μs). These low values have been explained by a backside oxidation of the wafer during the SiNx:H 
coating. The rear surface of the silicon wafer in contact with alumina holder substrate was oxidized. This 
is shown from XPS results presented in table 1. They give the percentage of O at the silicon wafers 
surface. Table 1 shows that even after 5 minutes etching a large percentage of O is present in case where 
the silicon wafer surface has been in contact with the alumina holder. This silicon oxide explained the low 
lifetime values. After isolating the sample from the alumina holder substrate, the minority carrier lifetime 
previous to firing step increases from 200μs to 800μs. Firing step still induces a decrease but to a higher 
value of typically 330μs. 
 
Table 1.  PECVD holder Si wafer contamination 
 
XPS O Si 
Si in contact with the alumina holder during 
PECVD 
50% 39% 
Si isolated from the alumina holder during 
PECVD 
5% 85% 
5. Conclusion 
An atmospheric pressure PECVD process is under development to deposit amorphous silicon nitride 
SiNx:H on silicon solar cells. The direct correlation between the plasma reactor configuration and the 
antireflective and passivating properties of AP-PECVD SiNx:H thin film has been proved. 
Avoiding gas recirculation of the plasma exhaust significantly decreases the absorption of SiNx:H. 
This has been attributed to the increase of the thin film density due to nanovoids removing. These 
nanovoids are assumed to be the consequence of the contribution to the coating of Si aggregate formed in 
the plasma exhaust recirculation. Removing gas recirculation, avoids Si aggregates formation and thus 
nanovoids in the thin film.  
Another significant result of this work is that the chemical gradient along the thin film thickness 
should be reduced as much as possible to make thin film having the lowest absorption. This chemical 
gradient induces low and high refractive index layers stack. This is due to the way the gas is injected and 
the way the coating uniformity over the entire surface is obtained. Broadening of the plasma zones 
notably reduces the thin film absorption. It does not change entrance and final chemical gradient, but it 
adds a plateau of chemistry which mostly determines the layer refractive index and absorption.  
Adding deflector to avoid gas recirculation and increasing the plasma zone from 1 cm to 1.4 cm leads 
to very close AP- and LP- PECVD SiNx:H antireflective properties. A slight absorption ( ≈ 0,02 @ 430 
nm) is observed for refractive index between 2 and 2.1. Encouraging minor carrier lifetimes reaching 
800μs have been measured previous firing. Work is still in progress to realize a-SiNx:H thin film having a 
refractive index of 2.04 without any absorption and to improve surface and volume passivation after the 
firing step.  
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